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Abstract. Linear dichroism methodologies are based on the different interaction of molecules with linearly polarized light
depending on their orientation. Theoretical predictions are used to conclude on the orientation of selected molecules relative
to their neighbours (usually an organized matrix). In the specific case of linear dichroism methodologies applied to data ob-
tained from UV-Vis. spectroscopic techniques, the orientational distribution function of the chromophores’ electronic transition
moment can be calculated and converted to the molecular axis distribution function. In this paper, the orientation of molecu-
lar probes and biomolecules in model systems of biomembranes (lipidic matrixes) is explored and illustrated using common
membrane probes (trans-parinaric acid, a cyanine and laurdan) and polyene antibiotics (Amphotericin B and Nystatin). The
emphasis is on the technique and methodologies themselves, rather than the scientific impact of the attained distributions. The
main addressed items are: (1) How to adapt a common UV-Vis. spectrophotometer and spectrofluorimeter to perform linear
dicrhoism experiments?, (2) Sample preparation, and (3) Data analysis (including artefacts corrections).

1. Introduction

Few methods are able to reveal the orientation of molecules inserted in ordered matrixes, e.g., biolog-
ical membranes. Nevertheless, molecular orientation in biological membranes is a key-issue to under-
stand immune responses or cellular communication, for instance (receptor/ligand interactions, in a broad
sense). Spectroscopic techniques such as electron paramagnetic resonance [58], infra-red [15] or nuclear
magnetic resonance [22] can be used to study molecular orientation in lipidic bilayers. Fourier transform
infra-red spectroscopy has been widely used [10,16]. However, as it is sensitive to the orientation of spe-
cific chemical bonds relative to the lipidic bilayer plane, deducing the global molecular orientation may
be quite complex. This task is simplified when UV-Vis. spectroscopic techniques are used because the
transition moment “covers” the entire chromophoric group. Moreover, we have combined spectroscopic
and Brownian dynamics simulation data to conclude on the overall molecular orientation. The strengths,
weaknesses, instrumental needs and theoretical framework of UV-Vis. linear dichroism are discussed in
this paper. A broader picture of linear dichroism can be obtained from [4] and [18].
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Fig. 1. Brief outline of sample preparation, highlighting the fact that lipidic bilayers are microscopically anisotropic,
whether forming vesicles (macroscopically isotropic) or planar supported bilayers stacks (macroscopically anisotropic) –
semi-dehydrated multilayers. Sample preparation begins by preparing a pure lipidic film on a round bottom flask (evaporated
chloroform solution; total evaporation is achieved under vacuum), followed by full hydration (shaking and heating/cooling
cycles lead to vesicles formation) and, finally, semi-dehydration on a quartz slide (see Fig. 8). Hydration water is kept in the
sample and multibilayers (tens to hundreds of stacked bilayers) are spontaneously formed.

2. Orientational distribution functions: theoretical background, experimental design and data
analysis

Phospholipidic membrane systems can be either macroscopically and microscopically anisotropic
(e.g., multibilayers supported in a hard surface) or, microscopically anisotropic and macroscopically
isotropic (e.g., suspended vesicles; Fig. 1). At the molecular level, phospholipidic membranes are always
anisotropic. Our goal is to know the orientation of molecular probes and biomolecules when inserted in
this anisotropic medium. Thus, the orientation reference axis should be related to the membrane system
(not a laboratory frame). The membrane symmetry axis is perpendicular to its surface. Even if the lipidic
chains are tilted [51], the symmetry axis is not altered; the angle between acyl chains and the membrane
normal is constant but the distribution around it is random in the whole macroscopic sampled volume
because the membrane is composed of many patches with their own orientation (in the scheme depicted
in Fig. 2,ψ is constant andφ is random for lipid chains orientations). Therefore, distribution functions
are considered relative to the membranes’ surface normal (system director).

In the simplest conceivable case, cylindrical molecules are considered so that molecular orientation
determination is, in practice, finding out the angleψ between the long molecular axis and the system
director (a more general approach can be found in [6] and [22]). For a molecular population in equilib-
rium, a distribution has to be considered (e.g., according to the Boltzmann potential). The orientational
density probability function of such distribution, i.e., the probability of finding any of the molecules of
that population in the rangeψ toψ+dψ, is our main goal. This function is a product of a single-molecule
term,f (ψ), and a term that accounts for the increase of the spherical crown surface defined byψ + dψ
asψ increases (sin(ψ)). Thus,f (ψ) sin(ψ) is the target of one’s quest.
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Fig. 2. The orientation of a cylinder is fully described by anglesψ andφ.

f (ψ) can generally be described as a Legendre polynomial series [22,37].

f (ψ) =
∑

L even

1
2

(2L + 1)〈PL〉PL(cosψ) (1)

so that∫ π

0
sin(ψ)f (ψ) dψ = 1 (2)

while

〈PL〉 =
∫ 1

−1
PL(cosψ)f (ψ) d(cosψ). (3)

(PL(cosψ) are Legendre polynomials;〈PL〉 is the ensemble-average ofPL(cosψ) and is referred to as
theLth rank order parameter, whenL �= 0.)

As f (ψ) is symmetrical (f (ψ) = f (−ψ) andf (ψ) = f (π − ψ)), 〈PL〉 = 0 if L is odd. Therefore:

f (ψ) =
1
2

+
5
2
〈P2〉P2(cosψ) +

9
2
〈P4〉P4(cosψ) + · · · (4)

P2(cosψ) =
3 cos2ψ − 1

2
and P4(cosψ) =

35 cos4ψ − 30 cos2ψ + 3
8

,

becauseP0(cosψ) = 1. For an isotropic system,〈PL〉 = 0 if L � 2 andf (ψ) = 1/2. For perfectly
aligned molecules,〈PL〉 = 1 if L � 2 andf (ψ) = δ(cosψ−1) (δ is Dirac’s delta function). Intermediate
distributions are characterized by their peculiar set of〈P2〉, 〈P4〉, 〈P6, 〉, . . . However, only〈P2〉 and〈P4〉
can be known from experiment. Thus, the quest forf (ψ) sin(ψ) resumes to two steps: (1)〈P2〉 and〈P4〉
determination, and (2) finding an approximated function forf (ψ) sin(ψ) from 〈P2〉 and〈P4〉 only.

2.1. Calculation of〈P2〉 and〈P4〉 from UV-Vis. spectroscopy in aligned samples (UV-Vis. linear
dichroism, LD)

Johansson and co-workers developed the formalism that describes the dependence of linearly polarized
light absorption in macroscopically aligned membranes [3,29–31,33]. Considering the instrumental set-
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Fig. 3. Schematic representation of the experimental set-up for UV-Vis. absorption LD studies in lipidic membranes (not drawn
to scale). The incident beam (A), with polarization B (“horizontal” in the lab frame), impinges on the quartz slide and supported
bilayers (only one bilayer is represented for the sake of clarity). The angle between them (ω) equals the one formed by the
system director (ZZ) and the light polarization (B).ω variation is accomplished by rotation of the quartz slide around the
vertical axis where A and B intersect.

up depicted in Fig. 3, absorption variation withω,Aω (ω is the angle formed by the polarization direction
relative to the system director), is given by:

sin(ω)Aω

Aω=π/2
= 1 +

3〈P2〉
(1− 〈P2〉)n2 cos2ω. (5)

(sin(ω) and the relative refractive index,n, are introduced for experimental artefacts correction [50] – see
Section 2.2.) The term sin(ω)Aω/Aω=π/2 is the dichroic ratio (sin(ω)Aω −Aω=π/2 is sometimes named
“linear dichroism” but the designation is more commonly used to mean the methodology itself instead
of this experimental parameter).〈P2〉 obtained from Eq. (5) regards the absorption transition moment
distribution. If the molecular axis and the transition moment are parallel, the molecular distribution func-
tion, has the same〈P2〉. If the angle between the transition moment and the molecular axis,ξ, is known,
the experimentally calculated〈P2〉 can be converted into the molecular distribution (see Section 2.3).

The determination of〈P4〉 has been one of the targets of van der Meer and co-workers [8,21,47]. If
the absorption and emission dipoles are parallel to the molecular symmetry axis,〈P4〉 can be calculated
from (experimental set-up in Fig. 4):

GIvh

f ′(α)Ivv
= m sin2α + b (6)

(α is the angle depicted in Fig. 4).

m=
a

n2 , (7)

a =
[(3/7〈P4〉 + 4/7〈P2〉 − 〈P2〉2)w + 〈P2〉2 − 〈P2〉]

c
, (8)
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Fig. 4. Schematic representation of the experimental set-up for fluorescence LD studies in lipidic membranes (not drawn to
scale). The excitation beam (A), with polarization “horizontal” (H) or “vertical” (V ; perpendicular to the figure plane) in the
lab frame, impinges on the quartz slide and supported bilayers (only one is represented for the sake of clarity). Fluorescence
light collection (B) is carried out in a 90◦ angle geometry The angle between them (ω) equals the one formed by the system
director (ZZ) and the light polarization (B). Rotation of the quartz plate causes a variation in angleα.

b=
1
3

[1 − (2/5 + 36/35〈P4〉 + 4/7〈P2〉 − 2〈P2〉2)w − 2〈P2〉2 + 〈P2〉]
c

, (9)

c =
1
3

[
1 +

(
4
5
− 4

7
〈P2〉 +

27
35

〈P4〉 − 〈P2〉2
)
w + 〈P2〉2 − 2〈P2〉

]
, (10)

w =
τ0

τ0 + τ
. (11)

The strong collision model was adopted while deriving these equations [47].τ0 is a rotational relaxation
time, which characterizes the anisotropic movement of the molecules. It can be interpreted as the time
during which the transition moment has a particular, fixed orientation relative to the director.G, f ′(α)
andn are correction factors [47,50] (see Section 2.2). The subscripts inIij refer to the position of the
excitation (i) or emission (j) polarizers in the lab frame (v – vertical;h – horizontal).

As 〈P2〉 is known from absorption experiments,〈P4〉 andw can be obtained from the linear fit to the
GIvh/(f ′(α) · Ivv) vs. sin2α data. Alternatively,w can be calculated from an independent experiment by
measuring the steady-state fluorescence anisotropy,r, in unoriented lipidic vesicles and using:

r = r0
[〈
P ′

2
〉2 + w

(
1−

〈
P ′

2
〉2)]

(12)

(r0 is the fluorescence anisotropy in the absence of external depolarising factors [27]).〈P ′
2〉 refers to

the second rank order parameter that would be obtained from fluorescence spectroscopy in unoriented
vesicles, which is not necessarily equal to〈P2〉 obtained from Eq. (5); see Section 2.3. Assuming that
〈P ′

2〉 = 〈P2〉, w can be calculated from Eq. (12).〈P4〉 can be calculated from both the slope and the
intercept ofGIvh/(f ′(α) · Ivv) vs. sin2α. Two estimates of〈P4〉 are attained for each〈P2〉. Concordance
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between both estimates can be used to assess data quality in a fast and simple, although crude, way.
Furthermore, a specific value of〈P2〉 limits the range of possible〈P4〉 (Eq. (13) [21]).

〈P4〉min =
(

35〈P2〉2 − 10〈P2〉 − 7
18

)
� 〈P4〉 �

(
5〈P2〉 + 7

12

)
= 〈P4〉max. (13)

2.2. An approximate solution forf (ψ) sin(ψ) from 〈P2〉 and〈P4〉

Truncation of Eq. (4) to yield the first three terms (up toP4) leads to a poor approximate description of
f (ψ). Frequently, the truncated function becomes negative, which is physically meaningless. The most
common realistic approximation combines the application of the maximum entropy method with the
Lagrange multipliers method [21]. In this approach, the approximated function is the one that maximizes
the orientational entropy of the distribution,S(f (ψ)):

S(f (ψ)) =
∫ π

0
ln(ψ) sin(ψ)f (ψ) dψ. (14)

In other words, the resulting distribution is the broadest possible from all the universe of distributions
having that particular (〈P2〉, 〈P4〉) pair:

f (ψ) = Aexp
(∑

L

λLPL(cosψ)
)
. (15)

A is a normalization constant and theλL coefficients (Lagrange multipliers) are calculated from the
accessible〈PL〉 values:

〈P2〉 =
∫ π

0
sinψP2(cosψ)f (ψ) dψ, (16)

〈P4〉 =
∫ π

0
sinψP4(cosψ)f (ψ) dψ, (17)

f (ψ) =
exp(λ2P2(cosψ) + λ4P4(cosψ))∫ π

0 sinψ exp(λ2P2(cosψ) + λ4P4(cosψ)) dψ
. (18)

It is interesting to have a global notion of the main features off (ψ) and their variation with〈P2〉
and〈P4〉. The readers are encouraged to see the elucidative Fig. 4 in [34]. Reference [46] has a more
systematic description of peculiar cases:

(1) Total disorder. 〈P2〉 = 〈P4〉 = 0.
(2) Total order. 〈P4〉 = 〈P4〉min; the distribution is a delta function centered atψ′.

ψ′ = arccos
(

2
3
〈P2〉 +

1
3

)1/2

. (19)
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Fig. 5. Ifψ � ψ0, then the vector is restricted to wobbling in a cone.

(3) Free orientation in a cone of amplitudeψ0. This case is analogous to a particle-in-a-box model.
The molecules can adopt any orientation in the coneψ � ψ0 (Fig. 5) with equal probability:

f (ψ) =

{
(2π(1− cosψ0))−1, 0 � ψ � ψ0,

0, ψ > ψ0.
(20)

and so:

〈P2〉 =
1
2

cosψ0(1 + cosψ0) (21)

〈P4〉 =
1
2

cosψ0(1 + cosψ0)
(
7 cos2ψ0 − 3

)
. (22)

(4) Orientation determined by an angular potential. If λ4 = 0 andλ2 �= 0, f (ψ) equals the one
obtained when a Maier–Saupe potential (Eq. (23)) is used:

U (ψ) = −kTλ2P2(cosψ). (23)

(5) Bimodal orientation. If λ2 = 0 andλ4 �= 0, f (ψ) has two maxima, atψ = 0 andψ = π/2.
(6) Double delta function. If 〈P4〉 = 〈P4〉max, f (ψ) is a double delta function atψ = 0 andψ = π/2.

2.3. Experimental data correction for artefacts

2.3.1. Illuminated sample volume
As the angle between the incident light beam and the sample surface (ω in Fig. 3) decreases, the il-

luminated area of the sample surface increases. Therefore, absorbance increases. Reference [41] shows
that this can be corrected with a sinus function; the term sin(ω) in Eq. (5) has this purpose. Alternatively,
sin(ω)Aω/Aω=π/2 can be replaced byAω,///Aω,⊥ where // and⊥ mean that the incident light polariza-
tion is parallel or perpendicular to the sample rotation axis, respectively. The illuminated area is equal in
both cases and no correction is needed. However, two measurements are needed at each angle, which is
time consuming and may turn data acquisition into a tedious task.

Fluorescence intensity measurements do not need to be corrected for this effect because relative quan-
tities are considered; the effect is cancelled in the ratioGIvh/(f ′(α) · Ivv) (Eq. (6)).
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2.3.2. Light scattering
Langmuir Blodgett (LB) films usually are not turbid samples due to their thin thickness and macro-

scopic homogeneity. Semi-dehydrated lipid suspensions (lipidic multilayers; see Section 3.1) may, how-
ever result in turbid samples due to their thickness and/or inhomogeneous spreading of the lipid suspen-
sion over the solid substrate (e.g., quartz slide) surface during sample preparation. The effect of turbidity
is to deviate the apparent absorption spectrum base line from zero, similarly to what is observed in
vesicles suspensions [35]. Fluorescence intensity measurements are not so affected by light scattering.

Because turbidity can be minimized by “cautious” sample preparation, the main effort should be put
on the experimental procedure rather than in corrective equations. Nevertheless, it is not always possible
to eliminate scattering light effects in absorption measurements. Several papers have been published on
light absorption on turbid media [9,13,28,44,45]. A correction method that simultaneously accounts for
scattered light and for the flattening of the absorption spectra, resulting from inhomogeneous distribu-
tion of the chromophores can be deduced from the work of Bustamante and Maestre [9], as previously
reported [49]. However, the simple empirical method of setting the base line as a segment connecting the
lowest and highest energy extrema of the spectrum may lead to similar results (Fig. 6).

Finally, it should be stressed that lower wavelength radiation is more efficiently scattered, thus absorp-
tion spectra in the UV are more affected than spectra in the visible range.

2.3.3. Emission monochromator efficiency dependence on polarization
The monochromators transmission efficiency depends on the polarization of light relative to the dif-

fraction grating. Fluorescence anisotropy measurements, for instance, need correction to account for this
dependence [27]. Equation (6) considers the ratio of the two components of emitted polarized light when
the sample is excited with “vertical” polarization (in the lab frame). This ratio must be corrected in a
similar way, usingG = Ihv/Ihh (as before, the subscripts inIij refer to the position of the excitation (i)
or emission (j) polarizers in the lab frame;v – vertical;h – horizontal). This is an intrinsic instrumental
factor, which depends only on the emission monochromator transmittance for “vertical” and “horizontal”
polarized light of a certain wavelength. Thus,G can be determined with a homogenous isotropic sample,
attaining more accurate results.

2.3.4. Birefringence
Kooyman et al. have shown that the birefringence correction is of the order of just a few percents due

to the small optical anisotropy of macroscopically ordered lipid membranes [47]. This conclusion was
later confirmed [8].

Fig. 6. Absorption spectrum of cyanine DIOC6 in DPPC semi-dehydrated multilayers. The recorded spectrum (T) atω = 18◦

contains a contribution from light scattering. A base line was calculated (B) to account for turbidity effects (see text) and a
corrected (C) spectrum was calculated by subtraction (C= T − B).
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2.3.5. Refraction
Propagation of light passing through the interface of two isotropic media (i and j) with different

refraction indexes (ni andnj) is described by Snell’s law:

sinθi =
nj

ni
sinθj (24)

(θi andθj are the angles of the normal to the interface with propagation directions in mediai and j,
respectively). Equation (5) includes a correction factor for this effect (n = nj/ni, wherej = lipid and
i = air). In 〈P4〉 determination from Eq. (6), no correction is needed for the polarization direction of
the exciting light because excitation polarization is perpendicular to the director [47]. For fluorescence
emission light with perpendicular polarization relative to excitation polarization, Snell’s law relates prop-
agation angles inside and outside the lipidic matrix. The slope in Eq. (6) has to be corrected for this effect
(Eq. (7)).

2.3.6. Reflection
The transmission fraction upon incidence of light in an interface has to be accounted for. As the polar-

ization relative to the plane of incidence affects the ratioIvh/Ivv (Eq. (6)), an angle dependent correction
factor based on Fresnel’s equations is needed [47]. The experimental ratio must be divided by the correc-
tive fluorescence transmission ratio,f ′(α) (see Fig. 3 in [47]). Figure 7 shows a easy-to-use functional
and empirical approximation tof ′(α):

f ′(α) = 1 +
(
1.14× 10−2α

)4.4144
(α in degrees; 0< α < 85). (25)

Multiple reflections inside the sample is not a meaningful effect because it causes errors of less than
2% in the experimentally determined intensities [8].

2.4. Main alternative methods to obtain〈P2〉 and〈P4〉 from optical spectroscopies

2.4.1. IR absorption spectroscopy
Polarized ATR-FTIR (attenuated total reflection – Fourier transform infra-red) spectroscopy has been

used to conclude on the orientation of biomolecules inserted in membranes, mainly proteins (for com-
prehensive reviews see [10] and [16]). The basic principles do not differ from the ones in UV-Vis. linear

Fig. 7. Empirical approximation to the correction factorf ′, which accounts for the light reflection upon incidence in an inter-
face [47]. The depicted function is a mere empirical description using Eq. (25), used for the sake of simplicity and functionality,
and is valid in the range 0–85◦.
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dichroism (maximal light absorption if the dipole transition moment is parallel to the electric field com-
ponent of the incident light). Nevertheless, the use of ATR techniques has obvious advantages regarding
signal/noise ratios. Although ATR techniques have been conjugated to UV-Vis. LD [42], this is not com-
mon. The main limitations of ATR-FTIR are: (1) only〈P2〉 can be calculated, (2) the dipole transition
moment is not easily related to the molecular orientation in most cases (e.g., [24]), (3) previous knowl-
edge on the sample thickness is needed, which can be quite complex to achieve, and (4) the superimpo-
sition of the vibrational bands of the lipidic matrix and foreign molecules may bias or even prevent〈P2〉
calculation. In spite of these limitations, ATR-FTIR is an alternative to UV-Vis. LD for low absorption
samples. Limitation 1 may also be present in UV-Vis. LD because〈P4〉 determination is impossible with
low fluorescence quantum yield molecules. The main strengths of ATR-FTIR are: (1) light scattering
problems are insignificant and (2) sometimes, depending on the molecules to be studied, it is possible to
simultaneously study these molecules and lipids.

2.4.2. Fluorescence anisotropy decays
Toptygin and Brand clearly reviewed some of the basic concepts underlying〈P2〉 and〈P4〉 determina-

tion from fluorescence anisotropy decays [14]. Fluorescence emission anisotropy,r, is defined as

r =
I// − I⊥
I// + 2I⊥

, (26)

whereI// and I⊥ are the intensities of the polarization components parallel and perpendicular to the
polarization of the excitation radiation, respectively. In its functional form, Eq. (26) reads:

r =
Ivv −GIvh

Ivv + 2GIvh
(27)

(G has the meaning mentioned before). The fluorescence anisotropy decay (ns time scale),r(t), depends
on the orientational order and dynamics during the fluorophore’s excited state. Att = 0, r(t), is only
dependent on intrinsic spectroscopic characteristics of the fluorophore. If the absorption and emission
transition moments are parallel,r(t = 0) = r0 = 0.4 [27]. Fluorophores that follow orientational
distributions that are not isotropic (as most molecules inserted in lipidic membranes) lead to limiting
anisotropies,r∞(r(t) in the limit t → ∞), different from zero (depolarisation is not complete). Equa-
tion (28) is commonly found in the literature.

r∞ = r0
〈
P ′

2〉2. (28)

However, two very important assumptions are frequently overlooked:
(1) Equation (28) is only correct in the cases where the orientational distribution in the excited state

equals the one in the ground state. A more general equation would be [32]:

r∞ = r0
〈
P ′

2
〉〈
P ′

2
〉∗

(29)

(* denotes an excited state parameter).
(2) The local directors of the fluorophores are randomly oriented at the macroscopic level. Equa-

tions (28) and (29) hold true regardless of the orientation of the director axis relative to the membrane
surface. No information can be obtained on the orientation of the director axis relative to the lipidic
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matrix [14]. Fluorescence anisotropy monitors distribution relative to the excitation photo-selection. The
molecular orientation relative to the membrane cannot be known. This is the reason whyP ′

2 is used in
Eqs (28) and (29), as well as in Eq. (12); not to be confused withP2, used in LD. Nevertheless, in prac-
tice, only three possible directors seem reasonable on empirical grounds: (i) the normal to the membrane
plane (in fluid membranes this is the mean orientation of lipid acyl chains), (ii) an axis tilted relative to
the membrane surface normal and parallel to the acyl chains in gel-phase membranes, or (iii) parallel to
the membrane surface, when molecules adsorb on the surface or intercalate in between the two layers.
It should be stressed that〈PL〉 (L = 2, 4, 6,. . .) relative to a certain director can be converted to〈PL〉
relative to other director [22]:

〈PL〉β = PL(cosξ)〈PL〉θ. (30)

I.e. if the director axis is tilted byξ from the membrane normal, then the angular distribution relative
to the director axis (anglesβ) is related to the angular distribution relative to the normal (anglesθ) by
Eq. (30). In fact, Eq. (30) is only valid ifξ andθ are independent [25].

An additional correction of〈P ′
2〉, for the refraction of light at the lipid/water interface is, in practice,

not meaningful [14].
The r(t) decay fromr0 to r∞ is dependent on both〈P ′

4〉 and the rotational diffusion rate of the flu-
orophore around an axis perpendicular to the transition dipole,D⊥. Assuming thatD⊥ is the same in
the whole bilayer, Zannoni et al. [11] attained a quantitative model forr(t). The products of the Wigner
rotation matrices and the Green functions obtained for the Smoluchovski rotational diffusion were con-
sidered. Van der Meer et al. [55] worked out simplified approximated equations, consisting of the sum
of three exponentials plus a constant (Eq. (31)). Thus,〈P ′

2〉, 〈P ′
4〉 andD⊥ can be obtained as fitting

parameters in unoriented vesicles (e.g. [12]).

r(t) = r0

( 3∑
i=1

gi exp(−t/φi) + g4

)
, (31)

g1 =
1
5

+
2〈P2〉

7
+

18〈P4〉
35

− 〈P2〉2, (32)

g2 =
2
5

+
2〈P2〉

7
− 24〈P4〉

35
, (33)

g3 =
2
5
− 4〈P2〉

7
+

6〈P4〉
35

, (34)

g4 = 〈P2〉2, (35)

φ1 = g1

/[
6D⊥

(
1
5

+
〈P2〉

7
− 12〈P4〉

35

)]
, (36)

φ2 = g2

/[
12D⊥

(
1
5

+
〈P2〉
14

+
8〈P4〉

35

)]
, (37)

φ3 = g3

/[
12D⊥

(
1
5
− 〈P2〉

7
− 2〈P4〉

35

)]
. (38)

Attempts were made to circumvent the limitation of not knowing the orientation of the director axis in
lipidic matrix in vesicles suspensions. Toptygin and Brand [14] studied the influence of the refraction of
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light at the lipid–water interface in the radiative decay rate. The radiative rate depends on the refractive
indexes inside and outside the membrane, as well as on the shape of the membrane, position of the
fluorophore in the membrane and its orientation relative to the membrane. If the fluorophore can assume
different orientations, the total fluorescence intensity decay will be non-exponential, although only small
differences in the lifetime components are expected (their ratio is less than 1.5 [14]). The mean lifetime,
〈τ〉, is related to〈P2〉 by:

〈τ〉−1 = knr + γ
(
1− 〈P2〉

)
n0 + γn−4

l n5
0

(
〈P2〉 +

1
2

)
(39)

(knr is the nonradiative decay rate,γ is constant andn0 andnl are the refractive indexes of bulk solvent
and bilayer interior, respectively).〈P2〉 is usually calculated from experiments where〈τ〉 is measured as
a function ofn0. The refractive indexn0 is usually increased by the addition of sucrose (e.g. [36]) and it
is assumed thatknr, γ, nl and〈P2〉 do not vary.
〈P2〉 and〈P ′

2〉 can be compared and their ratio be used to calculateξ (Eq. (30)) and then convert〈P ′
4〉

in 〈P4〉 (Eq. (30)).

2.5. In search of whole-molecule information

Spectroscopic techniques report information regarding only the molecular parts directly involved in
state transition (e.g. chromophores in the UV-Vis. and active chemical bonds in IR spectroscopies). For
most biomolecules and molecular probes, this is only a fraction of the whole molecular structure. Re-
lating the chromophore orientation to the rest of the molecular conformation is very complex unless
computational molecular simulation techniques are used. We have performed Brownian dynamics (BD)
simulations with atomic level details to attain precise information on membrane probes structure and
dynamics. BD allows spanning all the conformational space to produce long time trajectories, which
give a more meaningful picture of processes occurring in membranes. A mean-field is used to simulate a
bilayer environment, including contributions from (1) enclosing potential that emulates the finite thick-
ness of the bilayer and also the hydrophilic nature of membrane interfaces, (2) the anchorage potential
that places elements that interact favourably with membrane interfaces in their vicinity, and (3) the ori-
entational potential, which emulates the anisotropic medium of a bilayer and the ordering effect induced
by acyl chains in neighbouring molecules. The molecules understudy are regarded as an ensemble of
friction elements moving in the environment of the phospholipidic bilayer. Further details on the model,
energetics and simulation method can be found in [38] and [50]. Illustrative results will be presented in
the next section.

3. Experimental section

3.1. Sample preparations – macroscopically aligned lipidic bilayers

Sample preparation is critical in LD techniques. Uncontrolled disorder in lipidic matrixes may lead
to uncontrolled disorder in biomolecules orientational distribution. Bimodal distributions may reflect
disorder induced by lipid packing, rather than being the “legitimate” distribution of the biomole-
cules themselves. Sample preparation can be carried out in two different ways: (1) the biomolecules
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or probes are previously mixed with the phospholipids in a macroscopically isotropic medium (solu-
tion or vesicle suspension) followed by membrane deposition, or (2) macroscopically aligned mem-
brane systems are first formed and then incubated with the biomolecules or probes to be studied.
Dufrêne and Lee [56] reviewed the anchoring of biomolecules to supported lipid bilayers. In 1999,
Goorgmatigh et al. reviewed the preparation of supported lipidic multilayers for ATR-FTIR studies of
proteins and lipids [16]. Here we will briefly focus on relevant recent contributions to sample prepara-
tion.

Langmuir–Blodgett (LB) films [48] are formed by sequential monolayer transfer of the lipid through
an aqueous medium/air interface and are the most well studied supported membrane system. Very well
organized lipidic mono and bilayers (rarely, trilayers) can be formed and the process controlled by a
judicious choice of experimental conditions (pressure, transfer rate, etc.). The advent of atomic force
microscopy (AFM) brought new insights into the structure of lipidic LB films at the molecular level, as
well as their mechanical properties [57]. Holes are the most common defects [20,39,40] but IR transmis-
sion and reflection–absorption spectroscopies show that lipids are ordered like a crystalline phase [43].
The holes morphology and amount vary according to the kinds of lipids used [20]. A non-negligible
infiltration of lipids into the aqueous sub-phase during lipid deposition has been reported [19] but it is
not known if this is related to the holes occurrence.

Although LB films are well ordered and characterized, two severe limitations prevent their ubiquitous
use in LD experiments: (1) three layers can be deposited on each side of the solid support (e.g., quartz
slide), at the most, which implies a too short light-path in transmission studies involving molecules
with weak oscillator strengths and/or low concentrations, and (2) only gel-phase membranes form LB
bilayers, which is very restrictive. To circumvent the first limitation, hundreds of bilayers may be needed.
Spontaneous deposition of suspended vesicles in a glass surface has been used for long (e.g. [1]) but
it was only in the last three years that the process has been characterized at the molecular level. The
sequence of events involved in the transition from attached liposomes to bilayer patches on hydrophilic
and hydrophobic solid supports were visualizedin situby AFM [26]. The attached liposomes spread and
flattened from the outer edges toward the center until the two membrane bilayers were stacked in the top
of each other. The top bilayer then either rolls or slides over the bottom bilayer and the adjacent edges
join to form a larger membrane patch. When bilayer patches resulting from newly adsorbed vesicles
come in contact with previously formed supported bilayer patches, they fuse on the surface [5].

A modification to this procedure is commonly used in ATR-FTIR LD studies, several thousands of
ordered bilayers being attained [16]. Multibilayer films are obtained by applying an aqueous lipid sus-
pension onto one side of the ATR crystal and semi-drying it under a gentle stream of nitrogen. We, using
quartz slides, followed the same procedure (Figs 1 and 8). Hydration water [23] remains in the sample;
thickness homogeneity, however, may be critical and depends on the way semi-dryness is achieved: ni-
trogen stream should be gentle and spread evenly over the whole solid support surface. Kalb et al. [17]
described an alternative technique to produce supported phospholipid bilayers on quartz, which uses a
LB phospholipid monolayer over quartz as a substrate for vesicle fusion. Centrifugation deposition is
other alternative (e.g. [52]).

3.2. Instrumental adaptation

As shown in Section 2, UV-Vis. LD resumes to measure absorption or emission intensities while vary-
ing the angle between the sample quartz slide and the incident light beam. Thus, instrumental adaptation
consists in placing the sample slide on a goniometer (Fig. 9) and replacing the standard sample holder of
the absorption spectrophotometer or spectrofluorimeter by the goniometer/slide set-up (Figs 10 and 11).
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Fig. 8. Spontaneous multilayer deposition is a consequence of semi-dehydration under a gentle nitrogen flow. A Pasteur pipette
was used to direct the nitrogen stream. It is very important that the lipid is evenly and homogenously spread over the quartz
slide to minimize light scattering. (For the sake of picture contrast a very turbid sample was used.)

Fig. 9. The quartz slide was mounted on a goniometer using an aluminium homemade stand. Here the stand is shown in
aluminium natural colour for better picture contrast. Likewise, a very turbid sample was used.

It should be stressed at this point that the absorption light path is very small (from six lipidic layers
in LB films to hundreds of layers in semi-dehydrated lipidic suspensions). Moreover, polarizers may
cause a substantial decrease in the intensity of incident light. Therefore, only very sensitive UV-Vis.
absorption spectrophotometers can be used for LD experiments. This restriction is not so significant in
spectrofluorimeters due to the intrinsic sensitivity of this technique.
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Fig. 10. The usual sample holder is replaced by the goniometer+ stand system in the sample compartment of the UV-Vis.
absorption spectrophotometer. The Glan-Thompson polarizers were adapted.

Fig. 11. The goniometer+ stand system is placed in the center of the sample compartment of the spectrofluorimeter. The 90◦

geometry for excitation/emission collection is clear.

3.3. Apparatus and materials

The detailed experimental procedures related to LB films and multibilayers formation were previously
described in [49] and [50]. The following instruments were used: (1) NIMA (Coventry, UK) through,
(2) Shimadzu UV-Vis. spectrophotometer (model UV-3101 PC) equipped with Glan-Thompson polariz-
ers in home-made stands, and (3) SLM-Aminco 8100 spectrofluorimeter with double monochromators.
The goniometer was purchased to Optosigma (Santa Ana, CA) and the quartz slides (15× 25 mm; 1 mm
thick) were custom ordered from Precision Glass & Optics (Santa Ana, CA). The slide stand (Fig. 9) was
home-made.

Membrane probes were from Molecular Probes (Eugene, OR), except the cyanine (Acros Organics,
Belgium); polyene antibiotics and sterols were from Sigma (St. Louis, MO); lipids were from Avanti
Polar Lipids (Birgmingham, AL) and arachidic acid was from Analar (Germany).
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Fig. 12. UV-Vis. linear dichroism was applied to study the orientational distribution of several membrane probes (A–C) and
polyene antibiotics (D, E). A – Cyanine dye DIOC6, B – trans-parinaric acid, C – Laurdan, D – Amphotericin B, and E –
Nystatin A1. Transition moments are almost parallel to polyene chains in B, D and E, and inter-annular segment in A; in C, the
transition moment is almost parallel to an imaginary segment connecting the derivatization groups in the ring system. Chemical
intuition would favour orientations parallel to the lipid chains for B and C, and perpendicular for A.

3.4. Results

3.4.1. Membrane probes
UV-Vis. LD methodologies were applied to three membrane probes (Fig. 12):trans-parinaric acid

(t-PnA; a high quantum yield tetraene that reports phenomena both in gel-phase and liquid crystal
membranes [7]), 3,3′-dihexyloxacarbocyanine DIOC6, a cyanine dye) and laurdan (a common polar-
ity probe [54]). All of them have transition moments that can be considered parallel to the chromophore
axis. Upon incorporation oft-PnA in LB films of either arachidic acid (multilayers) or dipalmitoylphos-
phatidylcholine (DPPC; three layers on each side of the quartz slide), spectral shifts occur, which are
related to the different polarizabilities; vibrational progression alteration due to exciton interaction is
possible in DPPC due to the high probe concentration (Fig. 13). Examples of excitation and emission
spectra are shown in Fig. 14, regarding laurdan in DPPC multibilayers. The angular variation of the
dichroic ratio is linear, as predicted by Eq. (5) (Fig. 15).〈P2〉 and〈P4〉 were determined as described
previously (Eqs (5) and (6)), followed by calculation ofλ2 andλ4 (Eqs (16) to (18)). The orientational
density probability functions were depicted afterwards (Figs 16 and 17). Thet-PnA distributions were
compared to those obtained from BD simulation. The agreement was remarkable [38], validating the
simulated distribution for a liquid–crystal phase (Lα) membrane (Fig. 16), which cannot be attained
experimentally in LB films. Nevertheless,t-PnA has a mean orientation fairly parallel to the lipidic
chains, as expected from chemical intuition. Moreover, the peak angle is similar to the tilt angle in DPPC
gel [53]. Laurdan also follows the orientation expected from chemical intuition (Fig. 17). At variance,
the cyanine does not follow the intuitive expectation (Fig. 17); it does not lye parallel to the membrane
surface (ψ = 90◦). The influence of cyanines’ aliphatic chain lengths on the orientational distribution is
currently understudy.
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Fig. 13. Normalized electronic absorption spectra oft-PnA in LB multilayers of DPPC (- - -,ω = 72◦), AA (· · ·, ω = 72◦),
aqueous suspension of multilamellar vesicles (MLV) of DMPC : DMPS (3 :1) (−·−·−·) and in homogeneous media (ethanol,
—) [50].

Fig. 14. Normalized excitation and emission fluorescence spectra of Laurdan in DPPC multibilayers atω = 45◦

(λexc = 350 nm;λem = 440 nm; molar ratio DPPC : Laurdan= 3 : 1; room temperature).

Fig. 15. Corrected dichroic ratio fort-PnA in LB DPPC films (three layers on each side of the quartz slide).
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Fig. 16. Orientational density probability function oft-PnA in LB DPPC films (three layers on each side of the quartz slide) at
room temperature (Lβ phase). The distribution was compared to the one obtained by BD simulation [38]. The close agreement
enabled deduction on other features oft-PnA conformation [38]. Moreover, it was possible to simulate theLα lipidic phase,
which cannot be attained by LB deposition techniques. The orientational distribution obtained with semi-dehydrated DPPC
multilayers is similar to the one depicted for LB DPPC films at room temperature, which is evidence that semi-dehydrated
multilayers resemble LB films in organization degree.

Fig. 17. Orientational distribution functions of laurdan (_____) in DPPC and cyanine DIOC6 both in DPPC (· · ·) and dilau-
roylphosphatidylcholine, DLPC (- - -) semi-dehydrated multibilayers at room temperature. Laurdan lies almost parallel to the
bilayers’ normal but cyanine does not distribute mainly parallel to the bilayers’ surface as would be expected from chemical
intuition. The phase of the lipid (DPPC is in the gel phase and DLPC in the fluid phase at room temperature) has little effect on
the cyanine distribution. (Molar ratios lipid : cyanine= 20 : 1 and lipid : laurdan= 3 : 1.)

3.4.2. Polyene antibiotics
Polyene macrolide antibiotics, such as those depicted in Fig. 12, have long been used as therapeutic

agents against systemic fungi infections. These molecules act at cellular membrane level, where they
are thought to oligomerize and form pores [2]. Sterols are involved in pore formation. Although pores
are usually depicted as parallel stacks of antibiotic molecules, perpendicular to the bilayer’s surface, no
direct evidence for this orientation was known until recently, when LD data was published [49]. At a first
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Fig. 18. Probability density functions for the polyene antibiotics in DPPC-cholesterol (A), AA-cholesterol (B) and DPPC (C)
multilayers at room temperature [49]. Cholesterol interferes with the orientation of the antibiotics and plays a role in their
biochemical mode of action.

glance, UV-Vis. LD could not be applied because polyene antibiotics having high absorptivity also have
low fluorescence quantum yields (e.g., Amphotericin B – Fig. 12) and molecules having high fluorescent
quantum yields, also have low absorptivities (e.g., Nystatin – Fig. 12). Nevertheless, Amphotericin B and
Nystatin are remarkably similar in their chemical structure, the only difference being a double bond in the
chromophore (Fig. 12). This detail leads to big photophysical differences among them while not affecting
functional properties [2,49]. Thus, data obtained from both molecules was combined to calculate〈P2〉
and〈P4〉 [49]. 〈P2〉 was obtained from the absorption data of Amphotericin B and〈P4〉 was obtained
from the fluorescence emission of Nystatin. The resulting distributions are depicted in Fig. 18. The
results show that the polyene antibiotics in the absence of cholesterol have an orientational distribution
that is fairly broad and are almost collinear to the bilayer’s normal. In the presence of cholesterol, the
distribution becomes narrower. The sterol contributes to an increase in the order degree. This result
is a clue that points to a role of the sterol in the antibiotics mode of action. The high order of the
antibiotics orientation appearing upon cholesterol addition is compatible with the biochemical mode of
action model that considers the formation of pore like structures composed of a packing of alternate
sterols and antibiotics in a very organized array (see further discussion in [49]).

Although being a small contribution to the overall distribution, the small peaks at 90◦ (present in both
systems) deserve some attention. Several reasons can be pointed out:

(1) a fraction of the fluorophores lies parallel to the bilayers plane,
(2) a fraction of the bilayers has macroscopic defects and involves antibiotics molecules,
(3) the peaks are spurious and result from the data analysis method.

In practice, it is hard to distinguish between hypothesis (2) and (3) becausef (ψ) sin(ψ) can only lead to
bimodal distributions if one of the peaks is at 90◦, i.e. a disordered subpopulation of antibiotics would
lead to a biased distribution having a peak at 90◦. To better ascertain the causes of such peak, measure-
ments were also carried out in LB multilayer films composed of arachidic acid and cholesterol (Fig. 18).
Arachidic acid multilayer deposited films are known to be well ordered and organized (see Section 3.1),
therefore the contribution of disordered regions in the sample should be very small compared to films
prepared by semi-dehydration. The presence of a bimodal distribution in this system points towards the
exclusion of hypothesis (2). Although an option for hypothesis (1) or (3) cannot be firmly taken from the
data, several researchers proposed that Amphotericin B could adsorb to the bilayer surface rendering the
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transition moment perpendicular to the system director axis (see references in [49]). If this is the case,
then it can be concluded that the fraction of antibiotic molecules adsorbed to the bilayers is very small.

4. Conclusions

UV-Vis. LD techniques can be easily implemented, from both the instrumental and methodological
points of view. Instrumental adaptation, sample preparation and data analysis are simple.〈P2〉 and〈P4〉
can be obtained for strongly absorbing and emitting molecules, enabling a quite straightforward esti-
mate of the orientational density probability function. For low absorptivity molecules,〈P2〉 obtained
from other LD techniques (e.g., ATR-FTIR LD) can be used, as long as the same system director is con-
sidered. UV-Vis. LD can complement and be complemented by other LD techniques. Combination of
experimental and molecular simulation techniques help gain insight into the whole molecular structure
in the membrane environment.
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